The adsorption of CO on Pd/Al 2 O 3 /Ta͑110͒ model catalysts was studied using infrared reflection adsorption spectroscopy ͑IRAS͒ for two different Pd coverages, corresponding to 25-30 and 60-70 Å average particle sizes. Striking similarities between the IRAS data for the larger particles and Pd single crystals indicate that the particles are comprised predominantly of ͗111͘ and ͗100͘ facets. The isosteric heat of adsorption of CO extrapolated to zero coverage was determined to be 38.9 kcal/mol on the 60-70 Å particles. IRAS and Auger results provide evidence of CO dissociation on the smaller particles.
I. INTRODUCTION
The physical and chemical properties of small supported metal particles ͑Ͻ1000 Å͒ are known to be markedly size dependent. [1] [2] [3] [4] [5] Likewise, many catalytic reactions exhibit particle size dependencies with respect to activity and selectivity. [6] [7] [8] [9] [10] This size dependency has been attributed either to intrinsic particle size effects, resulting from changes in the average metal atom coordination number, or to an enhancement in the relative contribution from the metalsupport interaction. That is, as the particle size diminishes, the fraction of the total metal atoms in contact with the support increases. Because many industrial catalysts consist of catalytic metals dispersed on high surface area oxide supports, this phenomenon has important implications for heterogeneous catalysis. In order to develop a more complete understanding of the origins of these dependencies, correlations between the physical/chemical ͑catalytic͒ properties and particle size are needed.
Several studies of the CO adsorption energy as a function of particle size have appeared in the literature, yielding somewhat disparate results. Henry et al. report an increase in the heat of adsorption, as determined by molecular beam adsorption-desorption kinetics experiments, for CO on MgO supported Pd for particles Ͻ30 Å. 11 Vannice et al. present similar findings for Pd supported on SiO 2 , Al 2 O 3 , and TiO 2 ; the heat of adsorption for these was obtained calorimetrically. 12 More recently, Stara and Matolin reported an opposite trend for CO adsorption binding energies measured by temperature programmed desorption ͑TPD͒ on Pd/Al 2 O 3 model catalysts. 13 Each of these results can be rationalized by considering the physical properties exhibited by the Pd particles with decreasing particle size. Photoelectron spectroscopy studies have demonstrated electronic changes that would diminish with decreasing particle size the degree of backbonding of the Pd d electrons into the CO antibonding orbitals. Conversely, the number of low coordination edge and defect sites increases with decreasing particle size, favoring a higher CO adsorption energy.
In this work, the chemisorption of CO on model oxide thin-film supported Pd catalysts, consisting of Pd vapor deposited in ultrahigh vacuum ͑UHV͒ onto an Al 2 O 3 thin film ͑у20 Å͒ epitaxially grown on a Ta͑110͒ substrate, was studied using infrared reflection adsorption spectroscopy ͑IRAS͒.
Among the advantages associated with the use of this model catalyst is the ability to obtain well defined, uniform particle size distributions. Two metal loadings were studied, corresponding to 1.0 equivalent monolayers ͑ML͒ and 5.0 equivalent ML. Transmission electron microscopy ͑TEM͒ images indicate average particle sizes of roughly 25-30 and 60-70 Å, respectively, for these two loadings. Previous studies have suggested that the small supported particles are predominantly composed of ͗111͘ and ͗100͘ facets, consistent with thermodynamic considerations. The results from these IRAS studies of the model Pd particles are compared to previous work performed on the Pd͑111͒ and Pd͑100͒ single crystals. In addition to identifying particular CO binding sites and comparative binding site distributions between the two average particle sizes, IRAS was utilized to obtain the isosteric heats of adsorption of CO on Pd. IRAS and Auger electron spectroscopy ͑AES͒ data indicate CO dissociation on the smaller particles.
II. EXPERIMENT
The experiments were performed in a conventional ultrahigh vacuum chamber, described previously, 14 with a base operating pressure of ϳ5ϫ10 Ϫ10 Torr. The system was equipped with IRAS, AES, low energy electron diffraction ͑LEED͒, and temperature programmed desorption ͑TPD͒. The infrared ͑IR͒ cell ͑equipped with KBr windows͒ also serves as a high pressure reactor and is coupled to the UHV chamber via a double differentially pumped sliding seal. This arrangement allows for UHV-high pressure studies on the same sample. Pressures in the cell were monitored using either an ionization gauge or a 10 Torr baratron gauge.
The sample, mounted on a transferable probe, could be cooled to 90 K with liquid nitrogen, or resistively heated to 1600 K. An electron beam assembly was used for heating to 2000 K. The sample temperature was monitored with a W-5%Re/W-26%Re thermocouple spotwelded to the top edge of the crystal.
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The model catalyst was prepared by vapor depositing Pd onto an Al 2 O 3 thin film supported on a Ta͑110͒ single crystal. The alumina film was obtained by vapor depositing aluminum onto the Ta substrate in a 1ϫ10
Ϫ6 Torr O 2 background at 900 K, followed by an anneal to 1200 K in O 2 . The aluminum vapor deposition was carried out by resistively heating a ceramic tube 1 mmϫ7 mm packed with high purity aluminum wire ͑99.999%͒ and wound with a Ta filament. The thickness of the film was defined such that no Ta substrate signal was visible via AES, yet the 1ϫ1 LEED pattern associated with epitaxially grown Al 2 O 3 was preserved. The Pd vapor deposition was carried out at a sample temperature of 500 K, followed by an 800 K anneal. AES indicated no change in the Pd/O ratio after annealing. The Pd doser consisted of a Ta filament wrapped tightly with a high purity Pd wire ͑99.999%͒. The Pd coverage is reported in terms of equivalent monolayers, calibrated using either TPD peak area or AES. The TPD linear heating rate was 5 K/s. In addition to the Pd/Al 2 O 3 /Ta͑110͒ samples, Pd/Al 2 O 3 /C samples were prepared by using similar dosing methods on carbon-covered molybdenum grids. These samples were suitable for TEM studies.
The IRAS spectra were acquired on a Mattson Cygnus 100 spectrometer with 256 scans at a resolution of 4 cm
Ϫ1
and an incidence angle from the surface normal of 85°. Backgrounds were acquired at sufficiently high substrate temperatures to insure a negligibly low CO concentration on the surface. The CO ͑99.995% from Matheson͒ was stored in a glass bulb that could be immersed in liquid nitrogen to condense any carbonyls and/or hydrocarbons. Additionally, the inlet line to the CO leak valve leading to the high pressure cell was baked and evacuated to Ͻ1ϫ10 Ϫ8 Torr after each experiment. IRAS data versus temperature were obtained for both increasing and decreasing temperatures to insure that the IRAS spectra represented true adsorptiondesorption equilibria.
III. RESULTS AND DISCUSSION
The results of the TEM studies on the Pd/Al 2 O 3 /C are presented in the particle sized histograms of Fig. 1 . Relatively uniform, narrow Gaussian distributions are obtained. These distributions are centered at 25-30, 40-50, and 50-60 Å for the 1.0, 2.0, and 4.0 ML coverages, respectively. Above 4 ML, significant coalescence begins to occur.
The growth conditions for the carbon-supported model catalysts were slightly different from those used for the Pd/Al 2 O 3 /Ta͑110͒ samples. First, the carbon-supported samples were annealed to 300 K compared to 800 K for the Ta-supported model catalysts. Second, whereas the alumina films on Ta͑110͒ were grown epitaxially, the alumina films deposited on the carbon substrate were not. Therefore, the TEM images of the carbon-supported models are not directly applicable to the Ta-supported models; they only serve to provide an indication of the approximate average particle size of the samples used in the IRAS and TPD experiments.
The IRAS data for CO adsorbed on Pd/Al 2 O 3 /Ta͑110͒ model catalysts for 5.0 and 1.0 ML Pd as a function of temperature are presented in Fig. 2 . These results are independent of the direction of the temperature variation, provided that the samples are annealed in CO to 600 K. On the 5.0 ML Pd catalyst, a peak at 1894 cm Ϫ1 is observed at 500 K. With a decrease in temperature, this peak shifts towards higher frequency, broadening until it is resolved at 300 K into two peaks at 1983 and 1942 cm Ϫ1 . Additionally, a peak at 2076 cm Ϫ1 grows in at 400 K. These three features continue to grow, gradually shifting to higher frequency until, at 150 K, a new peak appears at 1890 cm
Ϫ1
. In order to minimize the surface free energy, small metal particles should exhibit facets with low Miller indices. Previous IR studies of model Pd/SiO 2 and weak field dark beam imaging studies of model Pd/MgO catalysts have indicated that this is indeed the case. That is, the particles are comprised primarily of ͗111͘ and ͗100͘ facets. 11, 15 The data for the 5.0 ML Pd loading in Fig. 2 corroborate this in that striking similarities are found between these spectra and spectra acquired in analogous experiments by Szanyi, Kuhn, and Goodman for Pd͑111͒ and Pd͑100͒ single crystals. 16 In the Szanyi et al. study, 16 for the Pd͑100͒ surface at a CO background pressure of 1ϫ10 Ϫ6 Torr, a single peak attributable to a bridge-bound CO appears in the IR spectrum and saturates at 1995 cm Ϫ1 at 110 K. The data for the Pd͑111͒ surface, shown in Fig. 3 , 16 indicate that CO occupies threefold hollow sites at low coverages at 525 K at a frequency of ϳ1850 cm
. A transition from the threefold hollow site to the bridging site is evident across the temperature range from 500 to 400 K, with the frequency shifting from ϳ1855 to ϳ1900 cm
. The bridging feature continues to grow and increases in frequency with decreasing temperature. Between 200 and 150 K a phase transition occurs that shifts the CO to the threefold bridging and linear atop sites. The maximum frequency of the bridging CO prior to this transition is 1962 cm
. At 100 K and at saturation coverage, the CO frequencies for the atop and threefold hollow sites are 2110 and 1895 cm Ϫ1 , respectively. These results for this temperature window on Pd͑111͒ and ͑100͒ single crystals are mirrored on the 5.0 ML Pd/Al 2 O 3 /Ta͑110͒ model catalyst. Referring to Fig. 2 , the broad peak at 1894 cm Ϫ1 at 500 K can be attributed to a combination of bridging and threefold hollow CO sites shifting towards an exclusively bridge-bound configuration with decreasing temperature ͑increasing coverage͒. The bridging CO feature then finally resolves into two peaks at 300 K. The features at 1984 and 1942 cm Ϫ1 can be assigned to contributions from bridging CO on the Pd͑100͒ and Pd͑111͒ facets, respectively. The atop feature, which appears at 2076 cm Ϫ1 and 400 K, is associated with a ͗111͘ facet. As the temperature decreases, these features grow in intensity and sharpen.
Near saturation coverage, the correlations between the model catalysts and the single crystals are particularly striking. Figure 4 shows that at 100 K on the 5.0 ML Pd catalyst four peaks are evident. The peak at 1998 cm Ϫ1 is assigned to the bridging species on ͗100͘ facets. The peaks at 2108, 1960, and 1890 cm Ϫ1 represent the atop, bridging, and threefold hollow CO sites on the ͗111͘ facets, respectively. As the temperature is decreased to 90 K, the bridging CO feature at 1960 cm Ϫ1 attenuates and broadens while the feature at 1890 cm Ϫ1 ͑threefold hollow sites͒ sharpens and grows in intensity. Also, the atop feature at 2108 cm Ϫ1 increases in intensity and sharpens. The beginning of this transition manifests itself between 200 and 150 K ͑see Fig. 2͒ . Thus, the same phase transition from the bridging sites to the atop and hollow sites, observed on the Pd͑111͒ surface, is also seen on the 5.0 ML Pd model catalyst.
Some differences are evident between the single crystal and the model catalysts. While a CO phase transition on the Pd͑111͒ facet results in a complete shift from the bridging to the atop and hollow sites, the model catalyst does not show this complete transition, even though the temperature variations were carried out at an order of magnitude higher pressure than the analogous single crystal data. In fact, no bridging CO is evident on the Pd͑111͒ single crystal at temperatures below 150 K. This difference may be related to the curvature of the supported particle, which could preclude the long range CO order necessary to promote this phase transition. The ratio of the atop CO intensity to the bridging and threefold site intensity is higher on the particles than that on the Pd͑111͒ at every temperature below 400 K. This is consistent with the increased ratio of edge/defect to terrace sites that one anticipates for the supported particles.
The annealing temperature plays an important role in determining the saturation adsorption configuration of CO on the 5.0 ML Pd catalyst. Figure 5 compares IRAS spectra at CO saturation coverage for a sample annealed at 600 K in 1ϫ10 Ϫ6 Torr CO and for an unannealed sample. The spectrum for the unannealed sample displays no feature corresponding to the threefold hollow adsorption site. Furthermore, the linear atop peak is not as sharp compared to the annealed sample, indicating a less compressed CO overlayer. The bridging site features attributable to the ͗111͘ and ͗100͘ facets are likewise broadened and are no longer resolved. This annealing temperature dependence has also been observed on model Pd/SiO 2 catalysts 15 and is consistent with the single crystal findings. Szany et al. have reported a similar dependence for CO adsorption on the Pd͑111͒ facet and have attributed this behavior to nonequilibrium adsorption. 16 The smaller particles exhibited no such dependence on the initial adsorption conditions.
IRAS data as a function of temperature for the 1.0 ML Pd catalyst are presented in Fig. 2 . These spectra differ significantly from those obtained for the 5.0 ML Pd sample. The broad peak in the region associated with the CO bridging species is never clearly resolved into separate components attributable to the two different crystal facets, as is the case on the larger particles. Also, no threefold hollow feature is evident at saturation coverage, and the ratio of atop intensity to bridging intensity is higher compared to the larger particles. The latter indicates a higher proportion of edge/defect sites on the smaller particles. The broader features at saturation coverage for the smaller particles are consistent with the previous explanation that the higher the degree of surface curvature, the less compressed is the CO overlayer. That the types of transitions that occur on the Pd͑111͒ single crystal and, to a more limited extent, on the 5.0 ML Pd catalyst do not occur on the 1.0 ML Pd particles is consistent with a reduced CO density on the smaller particles.
Isosteric heats of adsorption for the 5.0 ML Pd catalysts were determined from isobaric temperature series, depicted in Fig. 6 , using IRAS intensity as a measure of surface CO coverage, integrating all the peaks together to obtain an average heat of adsorption. Constant coverage isosteres are obtained by taking horizontal cuts across the isobaric plots and plotting ln( P) vs 1/T according to the Clausius-Clapeyron equation. This approach assumes that the IRAS spectra represent true adsorption-desorption equilibria, and that the IR intensities are linear with coverage. This latter assumption is most valid in the regime of low CO surface coverage. The ⌬H a for six isosteres are plotted versus the CO IRAS intensity in Fig. 7 , extrapolated to the zero coverage limit. The x axis is labeled as a percentage of saturation IR intensity because of the difficulty associated with calibrating the absolute CO coverage as a function of IR intensity on the model particles. The ⌬H a at zero coverage is determined to be 38.9 kcal/mol, in good agreement with previous results reported for Pd single crystals and supported catalysts determined both isosterically and calorimetrically.
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A similar experiment was conducted on the 1.0 ML Pd catalyst, but it was complicated by a tendency of these smaller particles to deactivate with respect to CO adsorption as the duration of exposure to the higher temperatures ͑Ͼ400 K͒ and pressures ͑у1ϫ10 Ϫ5 Torr͒ increased. Several reports in the literature indicate the occurrence of CO dissociation on small supported Pd particles. 13, [17] [18] [19] AES conducted on the deactivated samples in this experiment display a broadened peak in the Pd spectrum at 279 eV, indicative of a surface carbon contribution at 271 eV. Additionally, CO saturation IRAS data taken on the deactivated particles before and after oxidation at 800 K in a 1ϫ10
Ϫ6 O 2 background indicate a recovery of CO adsorption activity, as shown in Fig. 8 . These results are consistent with carbon buildup on the smaller particles due to CO dissociation. This susceptibility of the smaller particles to carbon poisoning can be explained in terms of the high density of low coordinated edge/defect sites that may be active for CO dissociation.
IV. CONCLUSIONS
The IRAS results for the chemisorption of CO on model supported Pd/Al 2 O 3 /Ta͑110͒ catalysts correlate well with analogous studies on Pd͑111͒ and Pd͑100͒ single crystals, consistent with the particle morphologies being dominated by ͗111͘ and ͗100͘ facets. The isosteric ⌬H a in the zero coverage limit for 60-70 Å Pd particles was determined to be 39.8 kcal/mol, in good agreement with previous results for both single crystal and supported Pd catalysts. For the smallest particles studied ͑25-30 Å͒, there is evidence for CO dissociation at temperatures above 400 K and pressures у1ϫ10 Ϫ5 Torr.
M. H. El-Yakhloufi and E. Gillet, Catal. Lett. 17, 11 ͑1993͒. FIG. 8. IRAS data for CO saturation on a freshly prepared catalyst, a catalyst exposed to 1ϫ10 Ϫ5 Torr CO at temperatures above 400 K for 1 h, and the deactivated catalyst after treatment in 1ϫ10 Ϫ6 Torr O 2 at 800 K for 10 min.
